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SUMMARY 
Improved performance o f  heat  engines 1 s  l a r g e l y  dependent upon maximum 
c y c l e  temperatures.  Tungsten f i b e r  r e l n f o r c e d  s u p e r a l l o y s  (TFRS) a r e  t h e  
f i r s t  o f  a f a m i l y  of h i g h  temperature composites t h a t  o f f e r  t h e  p o t e n t i a l  f o r  
s i g n i f i c a n t l y  r a i s i n g  h o t  component ope ra t i ng  temperatures and thus  l e a d i n g  t o  
improved h e a t  engine performance. Thls  s t a t u s  r e v i e w  o f  TFRS research  empha- 
s i z e s  t h e  p r o m i s l n g  p r o p e r t y  d a t a  developed t o  da te ,  t h e  s t a t u s  o f  TFRS com- 
p o s i t e  a i r f o i l  f a b r i c a t i o n  technology,  and t h e  areas r e q u i r i n g  more a t t e n t i o n  
t o  assu re  t h e i r  a p p l i c a b i l i t y  t o  h o t  s e c t i o n  components o f  a i r c r a f t  g a s - t u r b i n e  
engines . 
The need for improved materials at elevated temperatures has stimulated 
research in many areas including efforts to develop fiber reinforced superalloy 
matrix composltes. A number of fibers have been studled for such use including 
submicron diameter ceramic whiskers, continuous length ceramic filaments, boron 
filaments, carbon filaments, and refractory metal alloy wires. Attainment of 
high temperature strength with superalloy matrlx composites has been successful 
using refractory metal alloy wires, but the use of ceramic whiskers, continuous 
length ceramic filaments, boron filaments or carbon filaments as the reinforc- 
ing fiber has been unsuccessful to date. 
The theoretical speclfic strength potentlal o f  refractory alloy fiber 
reinforced superalloys is less than that of ceramic fiber reinforced super- 
alloys. However, the more ductile metal fiber systems are more tolerant of 
fiber-matrix reactions and thermal expanslon mismatches. Also, the superalloy 
matrices can protect high strength refractory metal fibers from environmental 
attack. In laboratory tests, refractory fiber relnforced superalloy composites 
have demonstrated stress-rupture strengths signtficantly above those of the 
strongest superalloys. Tungsten fiber reinforced superalloy composites, In 
particular, are potentially useful as high temperature (1000 to 1200 "C (1830 
to 2190 O F )  materials because they have many deslrable properties such as good 
stress-rupture and creep resistance, oxidation resistance, ductlllty, lmpact 
damage resistance, thermal conductivity and microstructural stability. The 
potential of tungsten fiber relnforced superalloys (TFRS) has been recognized 
and has stimulated research to develop this material for use in heat engines. 
The object o f  this paper is to revlew the development of fiber reinforced 
superalloys. First refractory metal fiber and matrlx alloy development wlll 
be reviewed. This will be followed by a discussion of fabrication techniques 
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f o r  TFRS and p r o p e r t y  r e s u l t s  o f  importance f o r  t h e i r  use a t  h i g h  temperatures.  
Component f a b r i c a t i o n  and f a b r i c a t i o n  c o s t  d a t a  f o r  a s p e c i f i c  TFRS system w i l l  
t hen  be d iscussed i n  t h e  f i n a l  s e c t i o n .  
I. FIBER DEVELOPMENT 
R e f r a c t o r y  me ta l  w i r e s  have received a g r e a t  dea l  o f  a t t e n t i o n  as f i b e r  
r e i n f o r c e m e n t  m a t e r i a l s  f o r  h i g h  use temperature composites i n  s p i t e  o f  t h e i r  
poor o x i d a t i o n  r e s i s t a n c e  and h i g h  dens i t y .  When used t o  r e i n f o r c e  a d u c t i l e  
and o x i d a t i o n  r e s i s t a n t  m a t r i x ,  t hey  are p r o t e c t e d  f rom o x i d a t i o n  and t h e i r  
s p e c i f i c  s t r e n g t h  I s  much h i g h e r  t h a n  t h a t  o f  s u p e r a l l o y s  a t  e l e v a t e d  tempera- 
t u r e s .  The m a j o r i t y  o f  t h e  s t u d i e s  conducted on r e f r a c t o r y  w i r e / s u p e r a l l o y  
composites have used t u n g s t e n  o r  molybdenum w i r e ,  a v a i l a b l e  as lamp f i l a m e n t  o r  
thermocouple w i r e ,  as t h e  r e i n f o r c e m e n t  m a t e r i a l .  These r e f r a c t o r y  a l l o y s  were 
n o t  designed f o r  use i n  composi tes no r  f o r  optimum mechanical  p r o p e r t i e s  i n  t h e  
temperature range o f  i n t e r e s t  f o r  h e a t  engine a p p l i c a t i o n ,  1000 t o  1200 O C  
(1830 t o  2190 OF). Lamp-f i lament w i r e  such as 218CS tungs ten  was most ex ten -  
s i v e l y  used i n  e a r l y  s t u d i e s .  The s t r e s s - r u p t u r e  p r o p e r t i e s  o f  218CS t u n g s t e n  
w i r e  were s u p e r i o r  t o  those  o f  r o d  and bu lk  forms o f  t ungs ten  and showed prom- 
i s e  f o r  use as r e i n f o r c e m e n t  o f  supera l l oys .  The need f o r  s t r o n g e r  w i r e  was 
recognized,  and h l g h  s t r e n g t h  tungsten,  tanta lum, molybdenum, and n i o b i u m  
a l l o y s  f o r  which r o d  and/or sheet 
developed were l n c l u d e d  i n  a w i r e  
1970; K ing,  1972; Petrasek,  1972; 
chemical  composi t ions o f  t hese  a1 
f a b r i c a t i o n  procedures had a l r e a d y  been 
f a b r i c a t i o n  and t e s t  program, (Amra e t  a l . ,  
and Petrasek and S i g n o r e l l i ,  1969).  The 
oy are g i v e n  i n  Table I .  The above approach 
p rec luded  development o f  new a l l o y s  s p e c i f i c a l l y  designed f o r  s t r e n g t h  a t  t h e  
i n tended  composl te  use temperatures.  The s t r e s s - r u p t u r e  and t e n s i l e  p r o p e r t i e s  
determined f o r  t h e  w i r e s  developed a r e  summarized i n  Table I 1  and a r e  compared 
w i t h  commer l ca l l y  a v a i l a b l e  w i r e  (218CS,  W-1 Tho2 and W-3Re). 
E x c e l l e n t  p rog ress  was made i n  p r o v i d i n g  w i r e s  w i t h  i nc reased  s t r e n g t h  
compared t o  t h e  s t r o n g e s t  w i r e s  wh ich  were  p r e v i o u s l y  a v a i l a b l e .  The u l t i m a t e  
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t e n s i l e  s t reng ths  o b t a i n e d  f o r  t h e  w i r e s  a t  1093 and 1204 " C  (2000 and 2200 O F )  
a r e  p l o t t e d  i n  F i g .  1 .  Tungsten a l l o y  w i r e s  were f a b r i c a t e d  hav ing  t e n s i l e  
s t r e n g t h s  2-1/2 t imes  t h a t  o b t a i n e d  f o r  218CS tungs ten  w i r e .  The s t r o n g e s t  
w i r e  f a b r i c a t e d ,  W-Re-Hf-C, had a t e n s i l e  s t r e n g t h  o f  2165 MN/m (314 k s l )  a t  
1093 "C (2000 O F )  which i s  more than  6 t imes  a s  s t r o n g  as t h e  s t r o n g e s t  n l c k e l  
o r  c o b a l t  base s u p e r a l l o y .  The u l t i m a t e  t e n s i l e  s t r e n g t h  va lues ob ta ined  f o r  
t h e  tungsten a l l o y  w i r e s  were much h i g h e r  t h a n  those  ob ta ined  f o r  molybdenum, 
t a n t a l u m  or  n i o b i u m  a l l o y  w i r e .  When d e n s i t y  i s  t aken  i n t o  account,  t h e  tung-  
s t e n  a l l o y  w i r e s  show a decrease i n  advantage compared t o  tanta lum, n i o b i u m  o r  
molybdenum w i r e ,  F i g .  2. However, t h e  h i g h  s t r e n g t h  tungs ten  a l l o y  w i r e s  as 
w e l l  as molybdenum w i r e s  o f f e r  t h e  most promise. 
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The e leva ted  s t r e s s - r u p t u r e  s t r e n g t h  o f  r e i n f o r c i n g  w i r e  i s  more s i g n i f i -  
c a n t  t han  the t e n s i l e  s t r e n g t h ,  s i n c e  t h e  i n tended  use o f  t h e  m a t e r i a l  i s  f o r  
l o n g  t i m e  a p p l i c a t i o n s .  The 100 h r  r u p t u r e  s t r e n g t h  a t  1093 and 1204 O C  (2000 
and 2200 O F )  i s  p l o t t e d  f o r  t h e  v a r i o u s  w i r e  m a t e r i a l s  and compared t o  super-  
a l l o y s  i n  Flg.  3 .  The r u p t u r e  s t r e n g t h  o f  t u n g s t e n  a l l o y  f i b e r s  was inc reased  
by a f a c t o r  o f  3 a t  1093 "C (2000 O F )  f r o m  about  434 MN/m ( 6 3  k s i )  f o r  218CS 
tungs ten  t o  1413 MN/m (205 k s i )  f o r  W-Re-Hf-C w i r e .  The tungs ten  a l l o y  w i r e  
was super io r  i n  s t r e s s - r u p t u r e  s t r e n g t h  t o  t h e  o t h e r  r e f r a c t o r y  w i r e  m a t e r i a l s  
w i t h  t h e  excep t ion  o f  a t a n t a l u m  a l l o y ,  ASTAR 811C, which was s t r o n g e r  t h a n  
most o f  t he  tungs ten  a l l o y  m a t e r i a l s  a t  1093 O C  (2000 O F ) .  The s t r o n g e s t  
t ungs ten  a l l o y  w i r e ,  W-Re-Hf-C, was over  16 t imes  as s t r o n g  as s u p e r a l l o y s  a t  
1093 "C (2000 O F ) .  The 100 h r  r u p t u r e  s t r e n g t h  t o  d e n s i t y  va lues f o r  r e f r a c -  
t o r y  me ta l s  w i r e s  and s u p e r a l l o y s  a r e  p l o t t e d  i n  F i g .  4. Agaln t h e  s t r o n g e r  
tungs ten  w i r e  m a t e r i a l s  a r e  s u p e r i o r  t o  t h e  o t h e r  r e f r a c t o r y  me ta l  w i r e s .  When 
d e n s i t y  i s  taken i n t o  account,  t h e  s t r o n g e s t  t ungs ten  w i r e  m a t e r i a l ,  W-Re-Hf-C, 
2 
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i s  more than 7 t imes as s t r o n g  as t h e  s t r o n g e s t  s u p e r a l l o y s  a t  1093 "C (2000 O F ) .  
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The p r o c e s s i n g  schedules used t o  f a b r i c a t e  t h e  newer h i g h  s t r e n g t h  w i r e s  
were n o t  o p t i m i z e d  t o  p r o v i d e  maximum s t r e n g t h  a t  1093 and 1204 " C  (2000 and 
2200 O F ) .  Much more work i s  needed t o  maximize t h e i r  p r o p e r t i e s .  Cons ide rab le  
o p p o r t u n i t y  e x i s t s  t o  develop w i r e  process ing schedules t a i l o r e d  f o r  f i b e r -  
m a t r i x  composi te use. The even tua l  a p p l i c a t i o n  o f  TFRS composites w i l l  j u s t i f y  
t h e  added e f f o r t  t o  f u r t h e r  improve w i r e  p r o p e r t i e s .  
11. MATRIX-ALLOY DEVELOPMENT 
The m a t r i x  i s  t h e  exposed component o f  f i b e r  r e i n f o r c e d  composi tes and 
t h e r e f o r e  must be a b l e  t o  w i t h s t a n d  h i g h  temperatures and an environment which 
can r e s u l t  i n  c a t a s t r o p h i c  o x i d a t i o n  and h o t  c o r r o s i o n .  The p r i m a r y  f u n c t i o n  
o f  t h e  m a t r i x  I s  t o  b i n d  t h e  f i b e r s  i n t o  a u s e f u l  body and t o  p r o t e c t  t h e  
f i b e r s  f r o m  o x i d a t i o n  and h o t  c o r r o s i o n .  The m a t r i x  must be r e l a t i v e l y  d u c t i l e  
compared t o  t h e  f i b e r s  t o  f a c i l i t a t e  load t r a n s f e r  f r o m  t h e  m a t r i x  t o  t h e  
f i b e r .  I t  a l s o  must be capable o f  evenly r e d i s t r i b u t i n g  l o c a l  s t r e s s  concen- 
t r a t i o n s  and r e s i s t i n g  a b r a s i o n  and impact damage f r o m  f o r e i g n  o b j e c t s .  The 
m a t r i x  and r e i n f o r c i n g  f i b e r  must be able t o  c o - e x i s t  w i t h o u t  m u t u a l l y  induced 
d e g r a d a t i o n  t h a t  can r e s u l t  f r o m  chemical i n t e r a c t i o n s  t h a t  can reduce b o t h  t h e  
f i b e r  and m a t r i x  p r o p e r t i e s .  
t i o n  o f  m a t r i x  compos i t i on  i s  t h e  a b i l i t y  o f  t h e  m a t r i x  t o  f o r m  a good bond 
w i t h  t h e  f i b e r  w i t h o u t  excess i ve  r e a c t i o n  o c c u r i n g  which c o u l d  degrade t h e  
f i b e r s  p r o p e r t i e s .  
The most impor tan t  f a c t o r  i n  t h e  i n i t i a l  s e l e c -  
For h i g h  tempera tu re  use, n icke l -base,  cobal t -base and i ron -base  super-  
a l l o y s  a r e  p r e f e r r e d  as t h e  m a t r i c e s  f o r  r e f r a c t o r y  me ta l  f i b e r  composi tes 
because t h e y  have demonstrated s t r e n g t h  and d u c t i l i t y  a t  e l e v a t e d  temperatures,  
as w e l l  as good o x i d a t i o n  and h o t  c o r r o s i o n  r e s i s t a n c e .  
A l a r g e  p r o p o r t i o n  o f  t h e  research e f f o r t  conducted on r e f r a c t o r y  f l b e r  
composi tes has been on f i b e r - m a t r i x  c o m p a t i b i l i t y .  E f f o r t s  have focused on 
deve lop ing  s t r u c t u r a l l y  s t a b l e  composites by choosing a m a t r i x  compos i t i on  
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which does not severely degrade the properties of the reinforcing fiber. One 
of the first systematic examinations to determine the effect of alloying reac- 
tions on the strength and microstructure of refractory metal fiber composites 
was reported by Petrasek and Weeton (1963) where copper-based binary alloys 
were used as a matrix for tungsten-fiber composites. The effects of alloying 
element additions to copper on the strength and microstructure o f  tungsten 
fiber composites were compared with mutally insoluble pure copper matrlx com- 
posites exposed under the same conditions. The alloying elements studied were 
aluminum, chromium, cobalt, niobium, nickel, zirconium and titanium. Data 
obtained for solute elements in this system can be related to the expected 
behavior o f  these same elements in superalloys. These effects served as the 
basis for modifying superalloy matrix composition to control fiber-matrix 
reactlon. Three types of fiber-matrix reaction were found to occur: ( 1 )  
diffusion-penetration reaction accompanied by a recrystallization of a periph- 
eral zone of the tungsten fiber; (2) precipitation of a second phase with no 
accompanying recrystallization; (3) a solid solution reaction with no accompany- 
ing recrystallization In the fiber. Peripheral recrystallization was caused 
by diffusion of cobalt, aluminum, or nickel into the tungsten wire. Compound 
formation occurred with titanium and zirconium. Chromium and niobium In copper 
formed a solid solution with tungsten with no accompanying recrystallization of 
the tungsten fiber. The greatest damage to composite properties occurred with 
the penetration-recrystalllzation reactlon while the two-phase and solld solu- 
tion reactions caused relatively little damage. Recrystallization of tungsten 
fibers in a Cu-10 percent Ni matrlx i s  shown in Fig. 5. 
Similar results were later found in a number of  studies conducted on 
nickel-induced recrystallization of  tungsten fibers, (Gruenling and Hofer, 
1974; Hoffman et al., 1974; and Montelbano et al., 1968). Recrystallization 
could be induced at low temperature by the presence of solid nickel on the 
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surface of the tungsten wire. Once initiated, nickel-induced recrystalli- 
zation required a continued source of nickel for propagation of the recrystal- 
lization front. Work reported by Montelbano et al. (1968) found that palladium, 
aluminum, manganese, platinum and iron also greatly lowered the recrystalliza- 
tion temperature o f  tungsten. 
Based on such findings, superalloy matrix compositions were developed that 
caused limited reaction with the fiber and minimal fiber-property loss (Petrasek 
et al., 1968). These superalloys contained high welght percentages of refrac- 
tory metals to reduce diffusion penetration of nickel into tungsten. Additions 
of Ti and A1 to the matrix were also made to form intermetallic compounds which 
would further reduce the diffusion of nickel into tungsten. A typical matrix 
alloy that was developed was Ni-25W-15Cr-2Al-Ti. The fiber stress to cause 
rupture in 100 hr at 1090 "C (2000 O F )  was reduced only 10 percent in compos- 
ites using this alloy as a matrix compared to the equivalent fiber rupture 
strength tested in a vacuum outside a composite. 
The problem of obtaining structure-stable composite materials from the 
nickel-tungsten and nickel-molybdenum systems were further examined by Karp nos 
et al. (1972). The results obtained showed that in reinforced metal compos t e  
materials, in which the matrix and fiber form restricted solid solutions in the 
absence of intermetallic compounds, minlmal fiber dissolution can be achieved 
by alloying the matrix with the fiber metal up to a concentration that is close 
to the solubility limlt. However, when the matrix and the fiber react to form 
intermetallic compounds, matrix saturation i s  not effective in controlling 
fiber attack by dlssolution. 
The effect of the composition of nickel, cobalt and iron-base alloys on 
the structural stability of composite materials reinforced with tungsten fibers 
was determined by several investlgators (Brentnall, 1976; Klypin et al., 1977; 
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and M l r o t v o r s k l i  and O l ' s h e v s k i i ,  1976, 1978, and 1979) .  The r a t e  of I n t e r -  
a c t i o n  between t h e  f i b e r  and t h e  m a t r i x  was determined f rom t h e  e x t e n t  o f  
r e c r y s t a l l i z a t i o n  o f  t h e  f i b e r ;  t h e  f o r m a t i o n  o f  i n t e r m e d i a t e  phases a t  t h e  
i n t e r f a c e ;  the s o l u t i o n  o f  t h e  f i b e r  i n  t h e  m a t r i x ;  and t h e  f o r m a t i o n  o f  d i f -  
f u s i o n a l  p o r o s i t y .  
F i b e r  r e i n f o r c e d  b i n a r y  and mult icomponent cobal t -base a l l o y s  were found 
t o  have a s t rong  p r o p e n s i t y  t o  i n t e r m e t a l l i c  compound f o r m a t i o n  a t  t h e  m a t r i x  
f i b e r  i n t e r f a c e .  Complex a l l o y i n g  a d d l t i o n s  t o  i ron-base a l l o y s  were found t o  
o f f e r  a means o f  suppress ing f i b e r  r e c r y s t a l l i z a t i o n  and t h e  f o r m a t i o n  o f  i n t e r -  
m e t a l l i c  compounds a t  t h e  i n t e r f a c e  between t h e  tungs ten  f i b e r s  and t h e  i r o n -  
base m a t r i x .  R e s u l t s  o f  t h e  r e a c t i o n  o f  t ungs ten  f i b e r s  w i t h  b i n a r y  a l l o y s  o f  
i r o n ,  n i c k e l ,  and c o b a l t  annealed a t  1200 and 1300 " C  (2190 and 2370 O F )  f o r  
1 h r  ( M i r o t v o r s k i i  and O l ' s h e v s k l i ,  1979) a r e  summarized i n  Table 111. Shown 
i n  Table 111 a r e  t h e  number o f  composi t ions i n v e s t i g a t e d  f o r  each m a t r i x  system 
and t h e  r e l a t i v e  number o f  cases, based on a percentage, t h a t  r e s u l t s  i n  t h e  
f o l l o w i n g  r e a c t i o n s  w i t h  t h e  tungs ten  f i b e r ;  r e c r y s t a l l i z a t i o n ;  f o r m a t i o n  o f  an 
i n t e r m e t a l l l c  compound; a d i f f u s i o n a l  p e n e t r a t i o n  i n t o  t h e  f i b e r ;  and no d e t e c t -  
a b l e  r e c r y s t a l l i z a t i o n  o r  r e a c t i o n  w i t h  t h e  f i b e r .  
found t o  be l e a s t  r e a c t i v e  i n  i r on -base  a l l o y  m a t r i c e s .  A number o f  m a t r l x  
composi t ions have been i d e n t i f i e d ,  p a r t i c u l a r l y  f o r  i ron-base a l l o y s ,  i n  which 
no d e t e c t a b l e  r e a c t l o n  occu rs  w i t h  tungs ten  f i b e r s  a f t e r  s h o r t  t i m e  exposures 
a t  temperatures up t o  1200 "C (2190 O F ) .  
The tungs ten  f i b e r s  were 
Recent s t u d i e s  by C a u l f i e l d  (1986) and C a u l f i e l d  e t  a l .  (1985) have cen te red  
on m i n i m i z i n g  r e a c t i o n  zone g rowth  i n  TFRS composi tes f o r  l ong - te rm a p p l i c a -  
t i o n s  ( > l o  h r )  i n  t h e  tempera tu re  range of  1050 t o  1200 O C  (1920 t o  2190 O F )  
by m o d i f y i n g  m a t r i x  a l l o y  c h e m i s t r l e s .  The k i n e t i c s  and r a t e  controlling 
process f o r  r e a c t l o n  zone g rowth  were a s c e r t a i n e d  by d i r e c t  a p p l i c a t i o n  o f  t h e  
moving boundary equa t ions  t o  r e a c t i o n  zone growth.  T h e i r  r e s u l t s  show t h a t  
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reaction zone growth i s  rate controlled by interdiffusion across the reaction 
zone and that the interdiffusion coefficlent of the reaction zone phase, and 
thus the kinetics for reaction growth, are matrix chemistry dependent. 
Table I V  i s  a list of the parabolic rate constants, K ( T ) ,  for reaction rz 
zone growth for various W-fiberhetal matrix composites. The tabulated data 
reveal that the kinetics of reaction zone growth substantially decrease with 
simultaneous increases in the matrix Ni content and decreases in the matrix Fe 
and Co content. Since the Waspaloy matrix TFRS composite exhibited the slowest 
reaction zone kinetics, a cobalt-free modlfied Waspaloy matrix alloy was inves- 
tigated. The results are unpublished to date; however, preliminary analysis of 
the Co-free modified Waspaloy composite reveals that reaction zone kinetics are 
at least three times slower than those exhibited by the Waspaloy matrix/W-fiber 
composite ( T .  Caulfield, A.B. Rodriguez, and J . K .  Tien, present study at 
(Columbia University, New York, 1987). 
Most of the matrix compositions investigated that resulted in minimum 
reaction with the fibers Involved the formation of intermetallic compounds 
which served to reduce interdiffusion. Thus, intermetallics might be sought as 
a natural occurring dlffuslon barrier. Use of a suitable protectlve barrier 
between the fiber and matrix offers the possibility of a wlder range of com- 
position selection for composites for hlgh temperature application. However, 
the introduction of a second interface and a deposited coating, whose possible 
breakdown In service at high temperatures would cause a catastrophic decrease 
in strength, i s  not an attractive alternative to aircraft engine manufacturers 
and operators (Morris and Burwood-Smith, 1971). Although diffusion barrier 
coatings on reinforcing wlre are a potentially effective way to achieve control 
of fiber-matrix interaction, techniques attempted to date have not resulted in 
reproducible, successful barrier coatings for refractory alloy wire (Signorelli, 
1972). Optimism continues, however, that such natural or deposited coatings 
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are possible and wlll offer increases in both strength and use temperature. 
Trade-offs in compound composition and ductility offer a fruitful area for 
continued studies. 
111. COMPOSITE FABRICATION 
The consolidation of matrix and fibers into a composite material with 
useful properties is one of the most difficult tasks in developing refractory- 
wire-reinforced superalloys. Fabrication methods for refractory-wire-superally 
composites must be considered to be in the laboratory phase of development. 
Production techniques for fabrication o f  large numbers of specimens for exten- 
sive property characterizations have not yet been developed. 
Fabrlcation methods can be classified as either solid phase or liquid 
phase depending upon the condition of the matrlx phase during its penetration 
into a fibrous bundle. Liquid phase methods consists of casting the molten 
matrix using Investment casting techniques so that the matrix infiltrates the 
bundle of fibers in the form of parallel stacks or mats. The molten metal must 
wet the fibers, form a chemical bond and yet be controlled so as not to 
degrade the fibers by dissolution, reaction, or recrystallization. 
Study and development of liquid phase fabrication techniques, (Ahmed and 
Barranco, 1977; Glenny, 1970, and Morris and Burwood-Smith, 1971). has revealed 
that large fibers and short liquld phase contact times are beneflcial. The 
potential low cost of casting i s  appealing but reaction induced fiber property 
loss and limited fiber orientation control limit the applicability. 
Solid phase processing requires diffusion, which Is time-temperature 
dependent. Solid phase processing temperatures are much lower than liquid 
phase processing temperatures; diffusion rates are much lower and reaction wlth 
the fiber can be less severe. The prerequisite for solid state processing is 
that the matrix be in either wire, sheet, foil, or powder form. Hot pressing 
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or cold pressing followed by sintered i s  used for consolidation of the matrix 
and fiber into a composite component. 
Use of matrix materials in the form of sheet or foil involves placing the 
reinforcing fibers between layers of the matrix sheet or foil which are then 
pressed together. They may be hot pressed or alternately cold pressed followed 
by diffusion bonding. An example of this type of processing i s  reported by 
Karpinos et al. (1975). One of the most promising methods of manufacture of 
composite sheet materials i s  that o f  vacuum hot rolling, which gives high pro- 
ductivity and enables large sized sheets to be manufactured. A study was 
reported of the processing parameters for the manufacture of composite sheet 
material by vacuum hot rolling (Severdenko, 1974). 
The powder metallurgy approach i s  one of the most versatile methods for 
producing refractory fiber-superalloy composites and has yielded some excellent 
results. Almost all alloy metals can be produced in powder form. However, the 
large surface area of the fine powders i s  easily contaminated and introduces 
impurities that must be removed. High capital cost equipment i s  necessary t o  
apply pressure and temperature in an inert atmosphere. Most powder-fabration 
techniques limit fiber content to 40 to 50 vol X .  
powder processing has been used to achieve control of matrix-fiber reactions 
and has resulted in excellent composite properties. 
Despite these disadvantages, 
Slip casting o f  metal alloy powders around bundles of fibers followed by 
sintering and hot pressing was developed for the solid state fabrication of 
refractory fiber-superalloy composites (Petrasek et al., 1968). Slipcast slur- 
ries of a mixture of powders and an organic gel In water were used to form a 
solid "green" composite which was subsequently sintered and then isostatically 
hot pressed to full density. This method I s  capable of achieving good matrix 
consolidation and bonding between fiber and matrix without excursions into the 
l l q u l d  metal region which would greatly Increase fiber matrix reactions. 
1 1  
Although thls technique has demonstrated excellent success for uniaxially rein- 
forced specimens, it is not regarded as an ideal method for component fabrication 
because most applications require some cross-ply fiber orientation, which is 
not easily accomplished with slip casting. 
A fabrication procedure was developed utilizing solid phase processing in 
which fiber distribution, alignment, and fiber-matrix reaction could be accur- 
ately controlled (Brentnall and Toth, 1974). Matrix alloy powders were blended 
with a small quantity of organic binder (Teflon) and warm rolled into high 
density sheets. 
flbers whlch held the powder particles together. Fiber mats were made by wlnd- 
Ing the fibers on a drum, and then spraying them with a binder. The fiber 
array was cut from the drum and flattened to form a fiber mat. Precolllmated 
fibers in mat form were sandwlched between layers of matrix powder sheet and 
the material was densjfled and extruded between fibers by hot pressing. Fiber- 
matrix and matrix-matrix metallurgical bonding was achieved while preservlng 
uniform flber distribution and eliminatlng any voids. This procedure results 
In the fabrication of a single layer of fibers contained In the matrix material 
which was termed a monotape. 
During rolling the Teflon formed an interlocklng'network of 
Arc spraying represents the most versatile form o f  compostte fabricatlon. 
Arc spraying is a economical process for high temperature monotape fabrication 
developed at NASA Lewls (Westfall, 1985), Flg. 6. Molten matrix alloy droplets 
are sprayed I n  a controlled atmosphere chamber onto a cylindrical drum wrapped 
wlth fibers. The drum is rotated and translated within the chamber In front of 
the spray to produced a controlled porosity monotape. Monotapes can then be 
cut Anto any shape desired with any orientation of fiber deslred and sub- 
sequently stacked up and hot pressed into any desired layup. 
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IV. COMPOSITE PROPERTIES 
The principal reason for most of the work on refractory fiber superalloy 
composltes has been to produce a material capable of operation as h i g h l y  
stressed components such as turbine blades In advanced aircraft and industrial 
gas turbine engines at temperatures of 1100 to 1200 "C (2010 to 2190 O F )  or 
higher. Such an increase i n  temperature above the current limit of about 
950 "C (1740 OF) for superalloy would permit higher turbine inlet temperatures 
and markedly decreased cooling requirements, thus improving engine performance 
and efficiency. An increase in blade temperature of 50 "C (90 O F )  over current 
limits would be considered a significant improvement (Glenny, 1970). 
of gas turbine blade material property requirements (Endres, 1974; Glenny and 
Hopkins, 1976; and Stetson et al., 1966) indicates creep resistance, stress- 
rupture strength, low-cycle fatigue, thermal fatigue resistance, impact 
strength, and oxidation resistance as properties of primary concern for turbine 
blade application. The following section reviews the results obtained for 
refractory fiber/superalloy composites to meet these critical property 
requirements. 
A review 
V. STRESS-RUPTURE STRENGTH 
At temperatures of 1100 OC (2010 " F )  and above, a superalloy matrix con- 
tributes very little to the rupture strength of the composite compared to the 
contribution o f  the refractory fibers. Fiber stress-rupture strength, volume 
fraction of fiber, and the degree of fiber-matrix reaction all control the 
stress-rupture strength of the composite. Figure 7 i s  a plot comparing the 
100 h r  rupture strength at 1093 "C (2000 "F) for various fibers and composites 
containing 70 vol X of these fibers (Petrasek and Signorelli, 1970 and 1974; 
and Petrasek et al., 1968). The matrix composition (Ni-15Cr-25W-2Al-Ti) was 
the same for all of the composites and as indicated in the plot, the stronger 
the fiber the greater the stress-rupture strength of the composite. The effect 
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of flber content on the stress-rupture strength of a composite is shown in 
Fig. 8, (Dean 1967). Stress-rupture strength increases linearly as the fiber 
content increases. 
A cornparison of the 100 hr rupture strength at 1093 OC (2000 O F )  for some 
of the composite systems that have been investigated, (Ahmad and Barranoio, 
1977; Brentnall, 1976; Chubarov et al., 1972; Dean, 1967; Friedman and Fleck, 
1979; Morris and Burwood-Smith, 1970; Petrasek and Signorelli, 1970 and 1974; 
and Petrasek et al., 1968) is given in Table V and plotted in Fig. 9. Where 
posslble, comparisons were made for composites containing 40 vol x fiber. 
should be noted that higher values would be obtained for these composite systems 
if the fiber content was increased. Also shown in the plot are the values for 
the 100 hr rupture strength for unrelnforced alloys and for the strongest com- 
mercially available superalloys. The 100 hr stress-rupture strength of all of 
the alloys investigated was substantially increased by the addition of tungsten 
fibers. All of the 40 vol % fiber composites had a 100 hr rupture strength 
greater than that for the strongest commercially available superalloys. The 
W-Hf-C flber composite system is the strongest composite systems obtained to 
date. A 40 vol % w-Hf-C fiber content superalloy composite is over 3 and 1/2 
tlmes as strong in rupture for 100 hr at 1100 "C (2010 OF) as the strongest 
commerically available superalloys. The composite containing a larger amount 
of fiber reinforcement (56 vol x W-1 percent Tho2 wire) in FeCrAlY also 
had an impressive stress-rupture strength, over 2 and 1/2 times that for the 
strongest commercially available superalloys. 
The density of these composite materials is greater than that of super- 
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alloys and this factor must be taken into consideration. The stresses in tur- 
bine blades, for e.g., are a result of centrifugal loading; therefore, the 
density o f  the materlal is Important. A comparison of the specific strength 
properties of composites and superalloys i s  therefore significant. Figure 10 
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i s  a pl t comp ring the values of the 1100 "C (2010 OF) 100 hr rupture strength 
to density ratios for composites and superalloys. 
density is taken into account, the stronger composites are still much superior 
to the strongest commerically available superalloys. The composites containing 
40 vol % W-Hf-C wire is almost 2 and 1/2 times as strong as the strongest 
superalloys. 
The plot shows that even when 
The comparisons of stress-rupture strength between composites and super- 
alloys i s  even more favorable for the composite when long application times are 
involved. Figure 1 1  is a plot of stress to rupture versus time t o  rupture for 
three different fiber compositions, each having the same matrix material, com- 
pared to the strongest superalloys. All of the fiber composite systems are 
stronger relative to superalloys for rupture in 1000 hr than for rupture in 
100 hr at 1093 " C  (2000 O F ) .  The stress (to cause rupture) to density ratio 
versus time t o  rupture is plotted in Fig. 12. The specific stress-rupture 
strength advantage for the composite also increases with time to rupture. 
40 vol % tungsten fiber composite, e.g., has about the same specific (density 
corrected) strength for rupture in 100 hr compared t o  superalloys but is almost 
twice as strong as superalloys for rupture in 1000 hr. For currently required 
blade lives of 5 000 to 10 000 hr this advantage becomes even greater. 
The 
A comparison of the range o f  values for the 100 hr rupture strength for 
tungsten fiber reinforced superalloy composites tested at 1093 OC (2000 OF) 
with the range for the stronger cast superalloys as a function of temperature 
is shown in Fig. 13. The strongest TFRS composite has the same rupture strength 
at 1093 "C (2000 O F )  as does the strongest superalloy at 915 "C (1680 OF). 
This represents a material use temperature advantage for the composite o f  145 "C 
(320  OF) compared to the strongest superalloy. Figure 14 shows the density cor- 
rected values for rupture in 100 hr as a function o f  temperature. When density 
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i s  t aken  i n t o  c o n s i d e r a t i o n  t h e  composl te has a m a t e r i a l  use tempera tu re  
advantage o f  110 " C  (200 O F )  over  t h e  s t r o n g e s t  s u p e r a l l o y s .  
V I .  CREEP RESISTANCE 
The creep-rupture p r o p e r t i e s  Nlmocast 713C r e i n f o r c e d  w i t h  t u n g s t e n  o r  
tungsten-5 p e r c e n t  rhenium w i r e  were eva lua ted  and compared w i t h  t h e  d a t a  
determined f o r  vacuum-cast Nlmocast 713C, ( M o r r i s  and Burwood-Smith, 1970) .  
T y p i c a l  composite creep curves a r e  shown i n  F i g .  15 t o g e t h e r  w i t h  a compar- 
a t i v e  curve f o r  t h e  u n r e i n f o r c e d  m a t r i x .  The creep curves f o r  b o t h  m a t e r i a l s  
e x h i b i t  t he  t h r e e  c h a r a c t e r i s t i c  stages o f  creep assoc ia ted  w i t h  c o n v e n t i o n a l  
m a t e r i a l s .  E s s e n t i a l l y ,  r e i n f o r c e m e n t  reduces t h e  second s tage  minimum creep 
r a t e  markedly f o r  a g l v e n  a p p l i e d  s t r e s s  due t h e  presence o f  t h e  more creep 
r e s i s t a n t  f i b e r s .  The r e d u c t i o n  i n  minimum creep r a t e s  observed on r e i n f o r c i n g  
Nlmocast 713C suggests t h a t  t h e  s t ronger ,  more creep r e s i s t a n t  component, t h e  
f i b e r ,  c o n t r o l s  t h e  creep behav io r .  The l a c k  o f  evidence o f  creep d e f o r m a t i o n  
i n  t h e  m a t r i x  o f  t h e  composite, except  a t  t h e  m a t r i x - f i b e r  i n t e r f a c e  a d j a c e n t  
t o  t h e  f r a c t u r e  su r face ,  a l s o  suggested t h a t  t h e  behavqor i s  c o n t r o l l e d  by t h e  
re in fo rcemen t .  
r e i n f o r c e d  H a s t e l l o y  X composi tes (Baskey, 1967), tungsten-1 p e r c e n t  Tho2 
r e i n f o r c e d  FeCrAlY composi tes ( B r e n t n a l l ,  1976),  and w i t h  t u n g s t e n - n i c k e l  
composites (Kannappan and F i schme is te r ,  1975).  
V I I .  FATIGUE 
S i m j l a r  r e s u l t s  were ob ta ined  w i t h  tungsten-1 p e r c e n t  Tho2 
High-temperature m a t e r i a l s  i n  gas t u r b i n e s  a r e  s u b j e c t  t o  c y c l i c  s t r e s s e s  
and s t r a i n s .  These can l e a d  t o  t h e  development o f  cracks and f a i l u r e s  which 
c o n v e n t i o n a l l y  a r e  d i scussed  i n  t h r e e  separate groupings,  depending on t h e  
magnitude and cause o f  t h e  s t r e s s e s :  
H lgh -cyc le  f a t i g u e  
Low-cycle f a t i g u e  
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Thermal f a t i g u e  
( a )  H igh  Cycle F a t i g u e  
H igh -cyc le  f a t i g u e  t e s t s  have been conducted on W-1 p e r c e n t  Th02 /Has te l l oy  
X composi te  specimens (Baskey, 1967).  f a t i g u e  t e s t s  were performed u s i n g  
d i r e c t  s t r e s s ,  t e n s i o n - t e n s i o n ,  a x i a l l y  loaded specimens. The s t r e s s  t o  cause 
f a i l u r e  i n  1x10 c y c l e s  versus temperature i s  p l o t t e d  i n  F i g .  16. U n r e i n f o r c e d  
H a s t e l l o y  X d a t a  a r e  p l o t t e d  f o r  comparison. The composi tes were s t r o n g e r  a t  
a l l  temperatures,  r a n g i n g  f r o m  1.2 t i m e s  as s t r o n g  a t  room temperature t o  4 
t imes  as s t r o n g  a t  980 " C  (1800 O F ) .  The r a t i o  o f  f a t i g u e  s t r e n g t h  t o  u l t i m a t e  
t e n s i l e  s t r e n g t h  f o r  t h e  same m a t e r i a l s  I s  p l o t t e d  i n  F i g .  17. For a l l  t e s t  
temperatures,  t h e  r a t i o  f o r  t h e  composite was h i g h e r  than  t h a t  f o r  t h e  
H a s t e l l o y  X, i n d i c a t i n g  t h a t  h igh -cyc le  f a t i g u e  r e s i s t a n c e  o f  t h e  composi te  i s  
c o n t r o l l e d  by t h e  f i b e r .  
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The h i g h - c y c l e  f a t i g u e  s t r e n g t h  f o r  W-1  p e r c e n t  Th02/FeCrA1Y composi tes 
was determined a t  760 and 1039 O C  (1400 and 1900 O F )  I n  ( F l e c k ,  1979).  F a t i g u e  
t e s t s  were per formed u s i n g  d i r e c t  t ens ion - tens ion ,  a x i a l l y  loaded specimens. 
F i g u r e  18  i s  a p l o t  o f  maximum s t r e s s  versus t h e  number o f  c y c l e s  t o  f a i l u r e  
f o r  specimens t e s t e d  a t  760 " C  (1400 "F). The maximum s t r e s s  versus number o f  
c y c l e s  t o  f a i l u r e  f o r  specimens t e s t e d  a t  1038 O C  (1900 O F )  i s  p l o t t e d  i n  
F i g .  19. The r e s u l t s  a g a i n  i n d i c a t e  t h a t  f a t i g u e  i s  c o n t r o l l e d  by t h e  f i b e r .  
6 F i g u r e  20 i s  a p l o t  o f  t h e  1x10 
tens l e  s t r e n g t h  r a t i o  f o r  some supera l l oys  and t h e  range o f  va lues o b t a i n e d  
f o r  FRS composi tes showing t h a t  t h e  composites' response t o  h i g h - c y c l e  f a t i g u e  
I s  s u p e r i o r  t o  t h a t  f o r  s u p e r a l l o y s .  Push/pul l  and r e v e r s e  bend f a t i g u e  
s t r e n g t h  d a t a  were determined f o r  a W/superal loy composi te (Dean, 1967) .  The 
f a t i g u e  s t r e n g t h  measured i n  p u s h / p u l l  t e s t s  a t  20, 300, and 500 O C  (70,  570, 
and 930 O F )  was s u b s t a n t i a l l y  increased by t h e  i n t r o d u c t i o n  o f  40 v o l  X 
c y c l e  f a t i g u e  s t r e n g t h  t o  u l t i m a t e  
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tungsten wlres. With cantilever specimens tested in reverse bending, a 
slgniflcant increase In fatigue strength also resulted from the incorporatlon 
of tungsten wires. 
(b) Low-Cycle Fatigue 
Limited work has been reported on the low cycle fatlgue behavior of 
refractory fiber/superalloy composites. The low cycle fatlgue behavlor for 
tungsten flber reinforced nickel was determined at room temperature (Nllsen 
and Sovik, 1974). Specimens containing 1 1  t o  25 vol %, 500 pm (0.020 In.) 
diameter, tungsten flbers or 20 t o  28 vol X ,  100 pm (0.004 In.) dlameter, 
tungsten fibers were fabricated by a llquld metal Inflltratlon process and 
tested in fatlgue. Speclmens containing 8 or 10 vol % of 300 pm (0.012 in.) 
diameter tungsten fibers were fabricated by a powder and subsequent forging 
process and also tested In fatigue. Fatigue tests were performed at about 
150 Hz using direct stress, tenslon-tension, axially loaded specimens. 
Figure 21 i s  a plot of the ratlo of the maxlmum stress for fatigue failure to 
ultimate tensile strength for the range of cycles investlgated. The observed 
fatigue ratios shown for the com- posite specimens were much higher in cornpar- 
ison to some superalloys referenced by the author. The fatigue ratlo reported 
for Nimocast 713C for 10 cycles was 0.24 and for Incoloy 901 and Udimet 700 
for 10 cycles the ratio was 0.14 and 0.17, respectively. As shown in Fig. 21 
the fatigue ratio obtained for the composites was greater than 0.65 at 10 
cycles. 
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Low-cycle fatigue tests were conducted at 760 and 980 O C  (1400 and 1800 OF) 
on 20 and 35 vol % W-1 percent Tho fiber reinforced FeCrAlY composltes, 
(Fleck, 1979). Fatigue tests were performed at 0.65 H z  and a stress cycle of 
from 5.5 MN/m (0.8 ksl) to a maxlmum stress. The load ratio, R ,  was -0.01 
and the stress ratlo, A ,  was 1 .  The low-cycle fatigue results are plotted ln 
Fig. 22. The results indicate that the flber controls low cycle fatlgue 
2 
2 
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strength as was the case for high-cycle fatigue behavior. The 35 vol % fiber 
content specimens had much higher values of fatigue strength versus cycles to 
failure than did the 20 vol X percent fiber specimens. The ratio of fatigue 
strength to ultimate tensile strength versus cycles to failure is plotted i n  
Fig. 23. Very high values were obtained at both 760 and 980 "C (1400 and 
1800 O F )  indicating that the composite has a higher resistance to low cycle 
fatigue in this temperature range. 
(c) Thermal Fatigue 
Thermal fatigue failures are caused by the repeated application of stress 
that is thermal in origin. Rapid changes in the temperature of the environment 
can cause transient temperature gradients i n  components. Such temperature 
gradients give rise to thermal stresses and strains. Thermal fat 
i s  the cracking o f  materials caused by repeated rapid temperature 
Superimposed on stresses generated by temperature gradients, 
of the composite, are internal stresses caused by the difference 
coefficients between the fibers and matrlx. The mean coefficient 
gue failure 
changes. 
in the case 
n expansion 
of thermal 
expansion from room temperature to 1100 O C  (2010 O F )  for superalloys ranges 
from 15.8 t o  1 9 . 3 ~ 1 0  /"C (8.8 to 10.7~10-~/"F) and is - 5 ~ 1 0 - ~ / " C  (2.7~10- 
for tungsten. Because of the large difference in expansion coefficients 
between the fiber and matrix and the resulting strains, thermal fatigue is 
believed to be the most serious limitation on composite usefulness. 
6 6 
OF) 
A number of investigators have developed analytical methods to calculate 
the dependence of composite deformation on cyclic, geometric, and constituent 
deformation parameters (Baranov and Yakovleva, 1975; Gaiduk et al, 1972; and 
Garmong, 1974). The results of these calculations illustrate the possible 
effects of several variables on deformation damage parameters. Because of the 
dlfference i n  expansion coefficients, the matrix is strained in tension upon 
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cooling and in compression upon heating while the fiber is strained in compres- 
sion upon cooling and tension upon heating. 
Work reported by Garmong (1979), indicates that the hystersis loop of matrix 
stress versus temperature caused by plastic deformation of the matrix due to 
the heating and cooling cycle stabilizes after a few cycles so that a steady- 
state plastic compression-tension fatigue results when no external stress is 
present. Total cyclic plastic strain increases by a law of the form, total 
strain = strain per cycle x number of cycles. The ability o f  the matrix to 
accommodate plastic strain thus controls the number of cycles to failure for 
the composite if plastic deformation of the matrix governs the failure mode of 
the composite in fatigue. 
Three types of cycling damage have been noted to date: plastic flow of the 
fiber in compression, matrix fracturing and fiber-matrix interface debonding. 
A number of studies have been conducted on the response of tungsten fiber/ 
superalloy composites to thermal cycling. Table V I  compares the data obtained 
for several composite systems. Cylindrical specimens of 40 percent W/Nlmocast 
258 were cycled between room temperature and 1100 O C  (2010 O F )  in a fluidized 
bed to obtain rapid heating and cooling, (Dean, 1967). Metallographic examin- 
ation after 400 cycles revealed no apparent damage at the fiber-matrix inter- 
face. Cylindrical specimens of W/Nimocast 713C were cycled in a fluidized bed 
in the temperature ranges shown in Table V ,  (Morris and Burwood-Smith, 1971). 
Cracking occurred after relatively few cycles with the exception of the speci- 
mens cycled from 20 to 600 "C (70 to 1110 OF). The bond between the fiber and 
matrix was reported t o  be severely degraded by thermal cycling to 1050 "C 
(1920 O F ) .  
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Thermal c y c l e  t e s t s  were conducted on specimens o f  r e i n f o r c e d  sheet 
m a t e r i a l  hav ing  a m a t r i x  o f  € 1 4 3 5  (Nichrome) (Dudnik e t  a l . ,  1973) .  The s p e c i -  
mens were heated i n  an e l e c t r i c  r e s i s t a n c e  f u r n a c e  f o r  2.5 m in  up t o  a temper- 
a t u r e  o f  1100 O C  (2010 O F )  f o l l o w e d  by a water  quench t o  room temperature.  The 
number o f  c y c l e s  f o r  debonding between t h e  f i b e r  and m a t r i x  t o  occur  was d e t e r -  
mined as a f u n c t i o n  o f  f i b e r  c o n t e n t .  As  shown I n  Table V t h e  number o f  c y c l e s  
f o r  debonding t o  occur  decreased w i t h  I n c r e a s i n g  f i b e r  c o n t e n t .  
Tests  were a l s o  conducted on r e i n f o r c e d  E 1 4 3 5  sheet m a t e r i a l  by Banas 
e t  a l .  (1976) .  The specimens were heated by passage o f  an e l e c t r i c  c u r r e n t .  
I r r e v e r s i b l e  d e f o r m a t i o n  occu r red  a f t e r  c y c l i n g  f o r  a l l  o f  The 15 volume f i b e r  
c o n t e n t  specimens b u t  n o t  f o r  t h e  32 volume f i b e r  c o n t e n t  specimens. 
t h e  i n i t i a l  stages o f  c y c l i n g ,  warpage and bending were observed. A l e n g t h  
decrease was observed d u r i n g  t h e  e n t i r e  t e s t .  W i th  an i n c r e a s e  o f  t h e  number 
o f  c y c l e s  t h e  l e n g t h  and r a t e  o f  t h e  dimensional  change d im in i shed .  Heat t r e a t -  
ment had a c o n s i d e r a b l e  e f f e c t  on dimensional  i n s t a b i l i t y  o f  t h e  composi te.  As 
a r e s u l t  o f  a n n e a l i n g  t h e  specimen t h e i r  p r o p e n s i t y  f o r  de fo rma t ion  d u r i n g  
t h e r m o c y c l i n g  decreased. Anneal ing reduced t h e  y i e l d  s t r e n g t h  o f  t h e  m a t r i x .  
The l e v e l  o f  s t r e s s e s  a r i s i n g  i n  t h e  f i b e r s  as a consequence o f  t h e  d i f f e r e n c e  
i n  expansion c o e f f i c i e n t s  was determined by t h e  r e s i s t a n c e  t o  p l a s t i c  deform- 
a t i o n  o f  t h e  m a t r i x .  W i t h  a decrease I n  t h e  y i e l d  s t r e n g t h  o f  t h e  m a t r i x  t h e  
l e v e l  o f  s t r e s s  on t h e  f i b e r  decreased and t h e  f i b e r s  d i d  n o t  p l a s t i c a l l y  
deform. 
D u r i n g  
Severa l  d i f f e r e n t  n i c k e l  base composite systems were t h e r m a l l y  c y c l e d  i n  
work r e p o r t e d  by U r e n t n a l l  and Moracz (1976).  Specimens were heated by passage 
o f  an e l e c t r i c  c u r r e n t .  The specimens were heated t o  1093 "C (2000 O F )  i n  1 min 
and c o o l e d  t o  room temperature i n  4 m i n .  A l l  of t h e  35 volume f i b e r  c o n t e n t  
specimens were warped a f t e r  100 cyc les ,  w h i l e  t h e  50 vo 
mens were n o t .  The most d u c t i l e  m a t r i x  m a t e r i a l s  N l C r A  Y showed t h e  l e a s t  
% f i b e r  c o n t e n t  spec i -  
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amount o f  damage a f t e r  100 c y c l e s .  Specimens c o n t a i n i n g  30 v o l  x W-1 p e r c e n t  
Tho f i b e r s  i n  a m a t r i x  o f  FeCrAlY were exposed t o  1000 c y c l e s  f r o m  room tem- 
p e r a t u r e  t o  1204 O C  (2200 O F ) ,  ( B r e n t n a l l  e t  a l . ,  1975) .  
heated up t o  1204 O C  (2200 O F )  i n  1 min and cooled t o  room temperature i n  4 min.  
A s  shown In F i g .  24, s u r f a c e  roughening occurred,  b u t  t h e r e  was no m a t r i x  o r  
f i b e r  c r a c k i n g  a f t e r  t h e  100 c y c l e  exposure. 
2 
The specimens were 
A s  i n d i c a t e d  i n  Table V I ,  a composi te system has been i d e n t i f i e d ,  W-1 
Th02/FeCrA1Y, t h a t  can be t h e r m a l l y  c y c l e d  though a l a r g e  number o f  c y c l e s  
w i t h o u t  any apparen t  damage. 
258 composite system which w i t h s t o o d  400 c y c l e s  w i t h o u t  any apparent  damage, 
a l l  o f  t he  o t h e r  systems i n v e s t i g a t e d  i n d i c a t e d  t h a t  some t y p e  of damage 
occurred.  
would be exposed t o  ve ry  few the rma l  c y c l e s .  Only a l i m i t e d  number of systems 
have been i n v e s t i g a t e d  t o  d a t e  and a need e x i s t s  t o  i d e n t i f y  o t h e r  the rma l  
f a t i g u e  r e s i s t a n t  systems. 
which can r e l l e v e  t h e r m a l l y  induced s t r a i n s  by p l a s t j c  de fo rma t ion  i s  r e q u i r e d  
f o r  composite thermal  f a t i g u e  r e s i s t a n c e .  
W i t h  t h e  e x c e p t i o n  o f  t h e  40 p e r c e n t  W/Nimocast 
These systems would be l i m i t e d  t o  a p p l i c a t i o n s  where t h e  component 
The r e s u l t s  ob ta ined  i n d i c a t e  t h a t  a d u c t i l e  m a t r i x  
VIII. I M P A C T  STRENGTH 
Composite mater ’ ia ls must be capable o f  r e s i s t i n g  impact  f a i l u r e  f r o m  
f o r e i g n  ob jec ts  o r  f r o m  f a i l e d  components t h a t  may pass th rough  t h e  eng ine  i f  
t h e y  a r e  t o  be cons ide red  f o r  use as a i r c r a f t  engine b l a d e  o r  vane components. 
Factors a f f e c t i n g  t h e  impact  s t r e n g t h  o f  t ungs ten  f i b e r  me ta l  m a t r i x  com- 
p o s i t e s  were i n v e s t i g a t e d  by Winsa and Petrasek (1973). 
s tandard Charpy impact  s t r e n g t h  d a t a  were ob ta ined  f o r  a t u n g s t e n  f i b e r  r e i n -  
f o r c e d  n i c k e l  base a l l o y  (N1-25W-15Cr-2Al-Ti). I t  has been found t h a t  compos- 
i t e  p r o p e r t i e s  as measured by t h e  m i n i a t u r e  I z o d  impact  t e s t  c o r r e l a t e  c l o s e l y  
w i t h  composite p r o p e r t i e s  as measured by v a r i o u s  b a l l i s t i c  impact  t e s t s  and I t  
was concluded t h a t  t h e  m i n i a t u r e  Izod t e s t  i s  a reasonable sc reen ing  t e s t  f o r  
M i n i a t u r e  I z o d  and 
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candidate turbine blade and vane materlal (Ohnysty and Stetson, 1967). The 
Izod impact strength of unnotched and notched specimens as a function of fiber 
content is plotted in Fig. 25 for two test temperatures, (75 and 1000 OF). 
Impact strength decreased with increasing fiber content at the lower temperature, 
but increased with increasing fiber content at the higher temperature. 
Figure 25 1s a plot of Impact strength as a function of temperatures. 
4 s  a sharp increase in Impact strength for the 60 vol x unnotched specimens 
at 260 "C (500 O F ) ,  which correspond to the ductile-brittle transition tem- 
perature (DBTT) for the fiber. In general, unnotched composites had higher 
impact strength, compared to the matrix, at temperature above the DBTT of the 
fiber and lower tmpact strength than the matrix below the DBTT of the fiber. 
The matrix's contribution to impact strength for the composite is most signi- 
ficant at low temperatures, while the fiber controls higher temperature impact 
strength, above 260 O C  (500 OF). 
tivity was also determined. The ratio of the composite's notched impact 
strength per unit area to its unnotched impact strength per unit area is 
plotted as a function of fiber content in Fig. 27. 
the composite decreased with increasing fiber content both above and below the 
DBTT of the fiber. Heat treatment or hot rolling improved the room tempera- 
ture impact strength of the composite. Heat treatment increased the impact 
strength of the notched unreinforced matrix by almost four times and nearly 
doubled the impact strength of a 45 vol X fiber content composite. 
increased the impact strength of a 56 vol X fiber content composite by nearly 
four times. The improved impact strength for the composite was related to 
improved matrix impact strength. 
There 
The effect of fiber content on notch sensi- 
The notch sensitivity of 
Rod rolling 
An additional objective of work conducted by Winsa and Petrasek (1973) was 
to determine if the potential impact resistance of tungsten fiber/superal loy 
composites was sufficient to warrant their consideration as turbine blade o f  
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vane m a t e r i a l s .  A l l o y s  w i t h  m i n i a t u r e  I z o d  impact values l e s s  than  1 . 7  J 
( 1 5  i n . - / b )  have been s u c c e s s f u l l y  r u n  as t u r b i n e  b lades  ( S i g n o r e l l i  e t  a l . ,  
1956; and Waters e t  a l . ,  1959).  Based on t h i s ,  t h e  va lue  o f  1.7 J (15  1n . - l b )  
was taken as t h e  minimum va lue  f o r  I z o d  impact  s t r e n g t h  t o  I n d i c a t e  i f  a mate- 
r l a l  has promise f o r  f u r t h e r  e v a l u a t i o n  l e a d i n g  t o  t u r b i n e  b lade  use. 
F i g u r e  28 compares t h e  tungs ten  f l b e r / s u p e r a l l o y  impact  s t r e n g t h  va lues  w t t h  
t h e  minimurn s tandard .  
f l b e r  conten ts  g r e a t e r  t han  35 pe rcen t  d i d  n o t  meet t h e  minimum requ i rement .  
Heat t rea tmen t  and h o t  work ing ,  however, Improved t h e  impact s t r e n g t h  so t h a t  
h l g h  f i b e r  c o n t e n t  composites met t h e  minlmum requ i rements .  
(1400 O F ) ,  t h e  h l g h e r  f i b e r  c o n t e n t  a s - f a b r i c a t e d  composites have impact  
s t r e n g t h s  d i s t i n c t l y  above t h e  minimum requ i rement .  
s t r e n g t h  values were ob ta ined  a t  1093 C (2000 O F ) ,  37.3 J (330 i n . - l b )  f o r  a 
60 vol % f t b e r  c o n t e n t  specimen, i m p l y  ng t h a t  most o f  t h i s  s t r e n g t h  i s  main- 
t a i n e d  t o  a t  l e a s t  1093 O C  (2000 O F ) .  
s t e n  f i b e r / s u p e r a l l o y  composites thus  appears adequate f o r  some a l r c r a f t  engine 
component a p p l i c a t i o n s ,  such as t u r b i n e  a i r f o i l s  and vanes. 
A t  room tempera ture  a f a b r i c a t e d  composites c o n t a l n i n g  
A t  760 "C 
High Charpy impact  
The Impact s t r e n g t h  p o t e n t i a l  f o r  tung-  
I X .  O X I D A T I O N  AND CORROSION 
The gaseous env l ronment  i n  t h e  gas t u r b i n e  engine i s  h i g h l y  o x i d i z i n g  w i t h  
oxygen p a r - t i a l  p ressu re  o f  t h e  o r d e r  o f  2 t o  4 atm, (El-Dahshan e t  a l . ,  1975).  
However, t h i s  env i ronment  a l s o  c o n t a i n s  s i g n i f i c a n t  amounts o f  combustion 
p roduc t  I m p u r i t i e s  i n c l u d i n g  s u l f u r  f rom t h e  f u e l  and a l k a l t  s a l t s  I nges ted  
w i t h  t h e  i n t a k e  a i r .  Under these c o n d i t i o n s  an a c c e l e r a t e d  o x i d a t i o n  may be 
encountered, sometimes, b u t  n o t  always, accompanied by t h e  f o r m a t i o n  o f  
s u l f i d e s  w i t h l n  t h e  a l l o y :  t h i s  I s  commonly r e f e r r e d  t o  as hot c o r r o s i o n .  
The b a s i c  des lgn  o f  t h e  composite m a t e r i a l  assumes t h a t  t h e  s u p e r a l l o y  
m a t r i x  w i l l  p r o v l d e  o x i d a t i o n  r e s i s t a n c e ,  i n c l u d i n g  p r o t e c t i o n  o f  t h e  t u n g s t e n  
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f i b e r s .  
t i o n  r e s i s t a n t  f o r  m a t e r i a l  o p e r a t i n g  temperatures up t o  about  980 O C  (1800 O F ) .  
Above a m a t e r i a l  tempera ture  of 980 " C  (1800 O F )  i t  i s  necessary t o  c o a t  or 
c l a d  t h e  m a t e r i a l  t o  p r o v i d e  t h e  requ i red  o x i d a t i o n  r e s i s t a n c e .  
a r e  used f o r  s u p e r a l l o y  o x i d a t i o n  p r o t e c t i o n ,  such as N i C r A l Y  and FeCrAlY, a r e  
o x i d a t i o n  r e s i s t a n t  t o  temperatures above 1090 " C  (2000 OF). These m a t e r i a l s  
may a l s o  be cons idered as t h e  m a t r i x  for composites so t h a t  t h e  composi te  would 
n o t  have t o  be coated or c l a d  f o r  h i g h  temperature ox d a t i o n  r e s i s t a n c e .  Pre- 
l i m i n a r y  o x i d a t i o n  s t u d i e s  were conducted on a n i c k e l  base s u p e r a l l o y  r e i n -  
f o r c e d  w i t h  tungsten-1 p e r c e n t  Tho2 f i b e r s  and c l a d  w t h  Incone l  by Petrasek 
and S l g n o r e l l i  (1970).  
f o r  t imes up t o  300 h r .  
specimen exposed f o r  50 hr a t  1093 O C  (2000 O F ) .  
o x i d i z e d ,  and a coherent  o x i d e  s c a l e  formed on t h e  I n c o n e l .  O x i d a t i o n  had n o t  
progressed t o  t h e  composi te ,  and t h e  surface f i b e r s  were n o t  a f f e c t e d  by t h e  
o x i d a t i o n  o f  t h e  c l a d d i n g .  Composite specimens of W-1  pe rcen t  Tho /FeCrAlY 
hav ing  comp le te l y  m a t r i x  p r o t e c t e d  f i b e r s  were exposed t o  s t a t i c  a i r  a t  1038, 
1093, and 1149 O C  (1900, 2000, and 2100 O F )  f o r  up t o  1000 h r .  The we igh t  
change i n  1000 h r  was 0.3 mg/cm f o r  1038 O C  (1900 O F )  and 1.25 mg/cm f o r  
1149 O C  (2100 O F ) .  These va lues a r e  i n  agreement w i t h  va lues ob ta ined  f o r  t h e  
m a t r i x  m a t e r i a l  w i t h o u t  any re in fo rcement  (Wukusick, 1966).  O x i d a t i o n  d i d  n o t  
p rogress  t o  t h e  s u r f a c e  f i b e r s .  
Supera l l oys  t h a t  a r e  used f o r  h o t  s e c t i o n  engine components a r e  ox ida -  
Claddings t h a t  
The specimens were exposed i n  a i r  a t  1093 O C  (2000 O F )  
F i g u r e  29 i s  a t ransve rse  s e c t i o n  o f  a c l a d  composi te  
The I n c o n e l  c l a d d i n g  was 
2 
2 2 
The o x i d a t i o n  and c o r r o s i o n  res i s tance  o f  composite m a t e r i a l s  hav ing  
exposed f i b e r s  i s  a l s o  an i m p o r t a n t  cons ide ra t i on .  A l though t h e  f i b e r s  i n  t h e  
composite would n o t  be des lgned t o  be exposed t o  t h e  engine env i ronment  an 
unders tand ing  o f  t h e  h i g h  tempera ture  o x i d a t i o n  and c o r r o s i o n  behav io r  i s  
d e s i r a b l e  i n  t h e  even t  o f  a c o a t i n g ,  c ladding, o r  m a t r i x  f a i l u r e  d u r i n g  s e r v i c e  
whlch c o u l d  occur,  e.g., f rom impact due t o  f o r e i g n  o b j e c t s  pass ing  th rough  t h e  
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engine.  
of exposed f i b e r s .  
t h e  b lade  o r  vane t h i c k n e s s )  would d e s t r o y  t h e  exposed f i b e r s ,  b u t  i n t e r v e n i n g  
m a t r i x  would p r e v e n t  o x i d a t i o n  o f  subsequent l a y e r s .  
l o s s  o f  s t r e n g t h  would r e s u l t .  
b lade  o r  vane span) p o t e n t i a l l y  i s  more severe, s i n c e  a l l  t h e  exposed f i b e r s  
i n  t h e  t ransverse  s e c t i o n  p o t e n t i a l l y  cou ld  be o x i d i z e d  a long  t h e i r  e n t i r e  
l e n g t h .  
o n l y  l i m i t e d  o x i d a t i o n  p e n e t r a t i o n  a long t h e  f i b e r s  ( B r e n t n a l l  e t  a l . ,  1975; 
Dean, 1965; and El-Dahshan e t  a l . ,  1975). 
F igure  30 i l l u s t r a t e s  t h e  p r i n c i p a l  paths f o r  o x i d a t i o n  and c o r r o s i o n  
O x i d a t i o n  proceed ing  pe rpend icu la r  t o  t h e  f i b e r s  ( t h r o u g h  
Thus, o n l y  a p a r t i c a l  
O x i d a t i o n  p a r a l l e l  t o  t h e  f i b e r s  ( a l o n g  t h e  
However, s t u d i e s  conducted t o  eva lua te  o x i d a t i o n  a long f i b e r s  showed 
The hot c o r r o s i o n  behav io r  o f  tungs ten  f i b e r  r e i n f o r c e d  Ni-20 pe rcen t  C r  
composite specimens was a l s o  examined by El-Dahshan e t  a l .  (1975). under t h e  
f o l l o w i n g  exposure c o n d i t i o n s :  
p r e s u l f i d a t i o n  i n  H2-10 pe rcen t  H2S f o l l o w e d  by o x i d a t i o n  i n  oxygen; and ( c )  
o x i d a t i o n  i n  1 atmosphere o f  oxygen a f t e r  p r e c o a t i n g  w i t h  Na2S04. 
f i d a t i o n ,  on ly  t h e  m a t r i x  formed s u l i f i e d  and t h e  f i b e r s  remained u n a f f e c t e d .  
Consequently, p r e s u l f i d a t i o n ,  a l t hough  hav ing  a d ramat ic  e f f e c t  on t h e  ox ida -  
t i o n  o f  the m a t r i x  d i d  n o t  have a damaging e f f e c t  on t h e  f i b e r s .  
o f  sodium s u l f a t e  was a l s o  n o t  c r i t i c a l .  Thus, h o t  c o r r o s i o n  c o n d i t i o n s  were 
n o t  harmful  t o  t h e  t u n g s t e n  r e i n f o r c e d  composites s t u d i e d ,  and c a t a s t r o p h i c  
l o s s  o f  the exposed tungs ten  f i b e r s  d i d  n o t  occur  upon exposure t o  a h igh -  
temperature o x i d i z i n g  e n v i  ronment. 
( a )  s u l i f i d a t i o n  i n  H2-10 pe rcen t  H2S; (b)  
Dur ing  s u l i  
The p resen ts  
X .  THERMAL C O N D U C T I V I T Y  
High thermal c o n d u c t i v i t y  i s  d e s i r a b l e  i n  a t u r b i n e  b lade  m a t e r i a l  t o  
reduce temperature g r a d i e n t s ;  t h i s ,  i n  t u r n ,  r e s u l t s  i n  reduced t h e r m a l l y  
induced s t r a i n s  t h a t  can cause c racks  o r  d i s t o r t i o n .  I n  a d d i t i o n ,  h i g h e r  
thermal  c o n d u c t i v i t y  can reduce c o o l a n t  f l o w  requ i rements  i n  some impingement 
cooled blades leading to greater engine efficiency or durability (Winsa 
et al., 1978). 
The conductivity of tungsten fiber/superalloy composites is markedly 
superior to that of superalloys. 
higher that for superalloys and the more tungsten added to a composite the 
greater the conductivity. Thermal conductivity of the composite is greatest in 
the direction of the fiber axes since there is a continuous path for conduction 
along the tungsten fibers. Conduction perpendicular to the fiber axes is lower 
because the heat cannot find a continuous path through tungsten. The thermal 
conductivity of some tungsten fiber/superalloy composites was determined as a 
function of temperature by Wlnsa et al. (1978). Figure 31 shows the thermal 
conductivity values obtained for a composite containing 65 vol % fibers i n  a 
nickel base alloy and tested in the direction of the fiber axis and for a com- 
posite containing 50 vol % and tested i n  the direction perpendicular the fiber 
axis. The longitudinal thermal conductivity is seen to be much higher than the 
transverse conductlvity. 
materials. The composites have much higher values for thermal conductivity 
over the entire temperature range. 
The thermal conductivity of tungsten is much 
Also shown i n  the figure are values for the matrix 
Composite Component Fabrication 
Having demonstrated adequate properties for application as a turbine blade 
material, the next area of considerat1,on is whether complex shapes such as 
hollow turbine blades can be designed and fabricated from such material and at 
reasonable cost. The selected composite fabrication technqiues must result i n  
a composite whose properties meet those required for application of the com- 
posite. 
required dimensions, second Incorporating both uniaxial and off-axis fiber 
The processes must be capable of first producing component shapes to 
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p o s i t i o n i n g ;  t h i r d  p r o v i d i n g  u n i f o r m  m a t r i x  c l a d d i n g  t o  p r e v e n t  f i b e r  o x i d a -  
t l o n ,  and f o u r t h ,  p r o v i d i n g  i f  necessary,  f o r  c o o l l n g  o r  w e i g h t  r e d u c t l o n  pass- 
ages. 
r e p  r o d  u c 1 b 1 e. 
The combined f a b r i c a t i o n  technlques must a l s o  be c o s t  e f f e c t i v e  and 
D l f f u s i o n  bonding o f  monolayer composi te p l i e s  l s  c u r r e n t l y  t h e  most prom- 
i s l n g ,  c o s t  e f f e c t i v e  method o f  f a b r i c a t l o n  f o r  complex shapes. 
p l i e s  c o n s i s t  o f  a l i g n e d  tungs ten  f l b e r s  sandwiched between l a y e r s  o f  m a t r l x  
m a t e r i a l .  Th i s  approach has t h e  c a p a b l l i t y  f o r  a c c u r a t e  f i b e r  d l s t r i b u t i o n  
and a l ignment ;  moreover, i t  l l m i t s  f i b e r - m a t r l x  i n t e r d i f f u s i o n  d u r i n g  f a b r l c a -  
t l o n .  This  approach a l s o  i s  capable of p r o d u c i n g  b lade  shapes t h a t  a r e  c l o s e  
t o  f l n a l  dlmenslons; hence, o n l y  l l m l t e d  machin ing and touch up g r i n d i n g  i s  
needed (Mazzei e t  a l . ,  1976; Melnyk and F leck ,  1979; and Petrasek e t  a l . ,  
1979) .  
The composi te  
The f e a s i b i l i t y  o f  composl te component f a b r i c a t i o n ,  was s u c c e s s f u l l y  dem- 
o n s t r a t e d  (Melnyk and F leck ,  1979) .  A JT90-7F f i r s t  stage, c o n v e c t i o n  coo led  
t u r b i n e  blade was s e l e c t e d  as t h e  model f r o m  which a W-1 p e r c e n t  Th02/FeCrA1Y 
composi te blade was designed. 
n o t  o n l y  t o  demonstrate t h e  f e a s i b i l i t y  o f  f a b r i c a t i n g  a complex shape b u t  t o  
a l s o  demonstrate t h a t  des ign  requi rements c o u l d  be met i n  t h e  f a b r i c a t e d  
b lade .  The des ign  f e a t u r e s  i n c o r p o r a t e d  i n t o  t h e  f a b r l c a t e d  b l a d e  a r e  
i n d l c a t e d  I n  F i g s .  32 and 33. 
The major  purpose o f  t h e  f a b r i c a t l o n  e f f o r t  was 
F igu re  34  shows t h e  f a b r l c a t l o n  sequence used t o  produce t h e  h o l l o w  com- 
p o s i t e  t u r b i n e  b l a d e .  A t u n g s t e n  f i b e r  mat was sandwiched between powder 
sheets of FeCrAlY which was subsequent ly  h o t  pressed t o  f o r m  a monotape. The 
monotape was t hen  c u t  i n t o  t h e  p l i e s  necessary t o  a r r i v e  a t  t h e  f i n a l  b l a d e  
dimension. The p l i e s  wee t h e n  s tacked around a s t e e l  co re .  Root i n s e r t s  and 
o u t s e r t s  could a l s o  be s tacked around t h e  assembly o r  c o u l d  be a t t a c h e d  i n  a 
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secondary f a b r i c a t t o n  s tep .  The e n t i r e  assembly was t h e n  p laced  i n  a r e f r a c -  
t o r y  m e t a l  d i e ,  heated and pressed t o  a r r i v e  a t  t h e  p roper  a i r f o i l  c o n t o u r .  
A f t e r  p r e s s i n g  t h e  s t e e l  c o r e  was removed by l e a c h i n g  o u t  w i t h  an a c i d .  A t i p  
cap was t h e n  was welded on t o  t h e  end of t h e  a i r f o i l  and an impingement c o o l i n g  
i n s e r t  was p l a c e d  i n  he leached o u t  c a v l t y  and brazed i n  t h e  r o o t  o f  t h e  b lade .  
F l g u r e  35 shows t h e  as f a b r i c a t e d  W-1 pe rcen t  Th02/FeCrA1Y composi te  
h o l l o w  JT9D-7F a i r f o i l  c o n t a i n i n g  a bonded on end cap and t r a i l i n g - e d g e  c o o l a n t  
s l o t s .  F i g u r e  36 shows t h e  composi te a i r f o i l  which was brazed t o  a h i g h  s t r e n g t h  
s u p e r a l l o y  a r c  r o o t .  A c ross  s e c t i o n  of t h e  composi te a i r f o i l  i s  shown i n  
F i g .  37. E x c e l l e n t  f i b e r  a l i gnmen t  and f i b e r  d i s t r i b u t i o n  was o b t a i n e d  and 
t h e  f i b e r s  were f u l l y  p r o t e c t e d  by a l a y e r  o f  FeCrAlY on t h e  i n t e r i o r  and 
e x t e r i o r  s u r f a c e s  o f  t h e  a i r f o i l .  
Success fu l  f a b r i c a t i o n  o f  a h o l l o w  composi te a i r f o i l  has demonstrated t h a t  
t h i s  m a t e r i a l  can be f a b r i c a t e d  i n t o  the complex d e s i g n  shapes f o r  h o t  t u r b i n e  
s e c t i o n  components. Whi le  components such as vanes o r  combustion l i n e r s  have 
n o t  been f a b r i c a t e d  these  components are l e s s  complex than  t h e  b l a d e  and can 
be cons ide red  f o r  f u t u r e  programs. 
The f a b r i c a t i o n  process sequence used t o  produced a h o l l o w  composi te  b l a d e  
was used i n  a f a b r i c a t i o n  c o s t  s tudy (Bar th  e t  a l . ,  1977) .  F a b r i c a t i o n  c o s t s  
were e s t i m a t e d  f o r  h i g h  technology t u r b l n e  b l a d e  f a b r i c a t e d  u s i n g  t h e e  d i f f e r -  
e n t  m a t e r i a l s .  The same t u r b i n e  b lade  c o n f i g u r a t i o n ,  a f i r s t  s tage  JT9D-7F b l a d e  
was used f o r  each m a t e r i a l .  D i r e c t i o n a l l y  s o l i d i f i e d  e u t e c t i c  (DSE), an o x i d e  
d i s p e r s i o n  s t reng thened  s u p e r a l l o y  (ODSS),  and W-1 p e r c e n t  Tho /FeCrAlY b l a d e  
manu fac tu r ing  c o s t s  were compared w i t h  the c o s t  o f  p roduc ing  t h e  same b l a d e  f r o m  
a d i r e c t i o n a l l y  s o l i d i f i e d  (DS)  supera l l oy ,  t h e  c u r r e n t  b l a d e  m a t e r i a l .  The 
r e l a t i v e  c o s t s  a r e  shown i n  Fig.  38. The s tudy i n d i c a t e s  t h a t  W/FeCrAlY 
2 
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manufacturlng cost should be competitive with current manufacturing costs of 
manufacturlng this blade by directional solidlflcation of a superalloy- 
provided the projected manufacturing yields can be realized in actual 
commerical production of blades. 
XI. CONCLUDING REMARKS 
Exploratory development and material property screening have indicated 
that tungsten fiber reinforced superalloy composites have considerable poten- 
tial for application as advanced high temperature material. Studies o f  a wide 
range o f  physlcal and mechanial properties in laboratory tests have demon- 
strated the advantage of tungsten flber reinforced superalloy composites over 
conventional superalloys. Also computer simulations and evaluations of super- 
alloy composite performance as engine components have indicated the potentlal 
for significant temperature and strength increases. Moreover, blade fabrica- 
tion studjes have demonstrated the feasibility of producing complex hollow 
shapes at a cost competitive wlth directionally solidified superalloy blade 
costs. Still, a great deal of work remains to be done on this family of mater- 
ials to ald in its transition from laboratory feasibility to rig testing of 
prototype hardware and then on manufacturing technology and detailed design. 
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TABLE I .  - CHEMICAL C O M P O S I T I O N  OF W I R E  MATERIALS [42,43] 
Mater i  a1 
Tungsten a l l o y s  
218CS 
W-1T hO2 
W-2Th02 
W-3Re 
W-5Re-2Th02 
W-24Re-2T h02 
W-Re-Hf -C 
Tantalum a l l o y s  
ASTAR 811C 
Molybdenum a l l o y s  
TZM 
TZC 
Niobium a l l o y s  
FS85 
AS 30 
B 88 
W-Hf-C 
- 
W 
99.9 
ba l  
1 
8.2 
-___ 
---- 
10.44 
20 
28.3 
- 
Ta 
- 
Mo 
Weight percent o f  comDonent 
Re T i  Tho2 C 
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TABLE 11. - REPRESENTATIVE PROPERTIES OF REFRACTORY-ALLOY WIRES [42,43] 
A1 l o y s  Density, Wire U l t i m a t e  St ress  f o r  Stress/densi t !  
gm/cm3 diameter, t e n s i l e  100-hr f o r  100-hr 
mn s t r e n g t h  r u p t u r e  rup ture ,  
cmxl03 
k s i  M N / d  k s i  MN/m2 
- 
126 
14 2 
173 
214 
176 
211 
207 
314 
108 
113 
125 
66 
61 
77 - 
I No. reac- 
t i o n  
- 
869 
979 
1193 
1475 
.213 
,455 
1427 
!165 
745 
779 
862 
455 
421 
531 - 
I n t e r -  
m e t a l l i c  
compound 
- 
63 
77 
95 
69 
70 
50 
161 
205 
84 
42 
38 
44 
31 
48 -
D i f f u -  
s i o n  
penetra- 
t i o n  
- 
434 
531 
655 
476 
483 
345 
.110 
.413 
579 
290 
262 
30 3 
214 
33 1 - 
55 
83 
30 
63 
84 
80 
Tungsten a l l o y s  
218CS 
W-lTh02 
W-3Re 
W-5Re-2Th02 
W-24Re-2T hop 
W-Re-H f -C 
W-2Th02 
W-Hf-C 
-- 
12 
-- 
-- 
-- 
3 
234 
282 
356 
249 
254 
183 
584 
744 
351 
295 
267 
19.1 
19.1 
18.9 
19.4 
19.1 
19.4 
19.4 
19.4 
16.9 
10.0 
10.0 
10.5 
9.7 
10.2 
0.20 
.20 
.38 
.20 
.20 
.20 
.38 
.38 
.51 
.38 
.13 
.13 
.13 
.51 
Tantalum a l l o y s  
ASTAR 811C 
Molybdenum a1 l o y s  
TZM 
TZC 
Niobium a l l o y s  
FS85 
AS 30 
295 
224 
328 888 
6. 1204" (2200' F) Data 
Tungsten a1 loys 
218CS 
W-lTh02 
W-2Th02 
W-3Re 
W-5Re-2Th02 
W-24Re-2T hop 
W-Re-Hf-C 
Tantalum a l l o y s  
ASTAR 811C 
Molybdenum a1 l o y s  
TZM 
W-Hf-C 
19.1 
19.1 
18.9 
19.4 
19.1 
19.4 
19.4 
19.4 
16.9 
10.0 
10.0 
10.5 
9.7 
10.2 
0.20 
.20 
.38 
.20 
.20 
.20 
.36 
.38 
.51 
.20 
.13 
.13 
.13 
.51 
108 
122 
150 
157 
148 
147 
20 1 
281 
7 1  
77 
79 
40 
33 
50 
745 
84 1 
1034 
1082 
1020 
1014 
1386 
1937 
490 
531 
545 
276 
228 
345 
46 
54 
70 
46 
44 
28 
111 
132 
38 
19 
18 
23 
28 
--- 
31 7 
372 
483 
317 
30 3 
193 
765 
910 
262 
131 
124 
159 
193 
170 
198 
257 
168 
160 
102 
404 
480 
157 
135 
127 
155 
190 
--- 
TZC 
FS85 
AS30 
8 88 
Niobium a l l o y s  
TABLE 111. - COMPARISON OF FIBER-MATRIX REACTIONS FOR V A R I O U S  
MATRIX MATERIALS r 3 6 i  
~~~~ ~~ 
I R e l a t i v e  no. o f  cases. percent M a t r i x  No. com- 
p o s i t i o n s  
i n v e s t  i- 
temper a t  u r e  
Recrys- 
t a l  1 iza- 
t i o n  
No. re -  
c r y s t a l -  
l i z a t i o n  
gated 
93 
10 
7 
90 
97 
4 
79 
80 
4 
10 
70 
4 
10 
13 
Ni-base 27 
Co-base 29 
Fe-base 30 
Ni-base 27 
Co-base 19 
Fe-base 30 
3 
96 
21 
20 
36 
- 
TABLE I V .  - PARABOLIC RATE CONSTANTS 
( x  1O-l2crn2/s) FOR VARIOUS METAL 
W-FIBER/MATRIX COMPOSITES ANNEALED 
A T  1093 "C. 
K,(T) DENOTE THE OVERALL REACTION 
ZONE KINETICS,  THE F I B E R  COMPONENT 
OF REACTION ZONE GROWTH, AND THE 
MATRIX COMPONENT OF REACTION 
ZONE GROWTH, RESPECTIVELY 
K,(T), K f (T) ,  AND 
[11,121 
100 h r  r u p t u r e  s t r e n g t h  
M N / d  k s i  
~ 
138 20 
51 7.4 
131 19 
48 7 
93 13.5 
48 7 
207 30 
F e C r A l  Y 
SS  316 
I nco loy  907 
Waspaloy .04 
a A n n e a l e d  a t  1100 "C. 
Stress-densi ty f o r  
100 h r  r u p t u r e  
m i n .  
1125 44 300 
635 25 000 
1040 4 1  000 
613 24 000 
927 36 500 
---- -__--- 
---- _--__- 
TABLE V. - RUPTURE STRENGTHS AN0 COMPOSITIONS FOR COMPOSITIES AN0 SUPERALLOYS 
A. 100 h r  r u p t u r e  s t renqth  a t  1100" C (2010' F) f o r  composi t ies and supera l loys  
23 
138 
193 
324 
Ref. 1 A1 l o y  
3.3 254 10 000 
1058 4 1  700 20 
1513 59 600 
2491 98 000 
28 
47 
Wire 
331 h r  r u p t u r e  
strength-242 M N / d  (35 k s i )  
242 35 
13 ZhS6 VRN 
tungsten 
1 5  EPO-16 -_-------- 
15 tungsten 
38 Nimocast 713C ---------- 
38 tunasten 
1957 77 000 
2147 84 500 
_____----- 
218CS 
(tungsten) 
45 4 I W-29 h02 W-Hf-C 
7 FeCrAlY W-l%Th02 
Wire diam "01. % Densi ty 
0.010 
1.27 0.050 10.3 
------- 9.15 0.33 
0.38 0.015 40 13.3 .48 
-_-____-_-- -- 
0.38 0.015 40 13.0 0.47 
.38 .015 40 13.3 .48 
0.38 1 0.015 I 56 112.5 1 0.45 
20 FeCrAlY W-Hf-C 0.38 0.015 35 11.3 0.41 
EPD-16 
Nimocast 713C 
MARM322E 
Ni,Cr,W,Ti,Al 
B. Nominal composit ion o f  m a t r i x  a l l o y s  ( w e i g h t % )  
Ni-12.5Cr-4.8Mo-7W-2.5Ti-5Al 
Ni-6A1-6Cr-2Mo-llW-1.5Nb 
Ni-12.5Cr-6Al-lTi-4M0-2Nb-2.5Fe 
Co-21.5C r-25 W-1ON i -0.8T i -3.5Ta 
Ni-15Cr-25W-2Ti-2Al 
Fe-24Cr-5A 1-1Y 
37 
TABLE VI. - THERMAL CYCLING DATA FOR TUNGSTENlSUPERALLOY COMPOSITES - 
Ref. Remarks Composite material Heat source Cycle No. of 
cycles 
400 No apparent damage to 
interface 
1 5  
- 
39 
40 v/o WlNimocast 258 F 1 u id ized bed RT-1100' C (2010' F) 
~~~~ 
Fluidized bed 2O0-6OO0 C (70'-1110' F) 
550'-1050° C ( 102Oo-1~2O0 F) 
20'-1050° C (70'-1920 F) 
200 
2-12 
2-25 
13 v/o W/Nimocast 713C No cracks 
Cracks at interface 
Cracks at interface 
No. of cycles for fiber- 
matrix debonding 
14 vlo - 90 to 100 cycles 
24 v/o - 60 to 70 cycles 
35 vlo - 35 to 50 cycles 
16 
- 
3 
- 
8 
- 
10 
W/EI435 
(14, 24, and 35 v/o) 
Electric resistance 
f urance 
RT-1100' C (2010' F )  
2.5 min to temp. 
Water quench 
100 
W/EI435 
(15 and 32 vlo) 
Self resistance 30 sec to heat and cool 
480°-7000 C (900°-12900 F) 
50O0-8OO0 C (930°-1470' F )  
530'-900' C (980'-1650' F) 
570°-1000' C( 105Oo-183O0 F) 
600'-1100° C ( 1110°-2010" F) 
1000 All 15 v/o specimens 
warped and had a speci- 
men length decrease. 
Cracks at interface. 
35 v/o specimens did not 
deform externally but 
matrix cracks between 
fibers observed. 
~~~ 
W /N i WCrA 1 Ti 
(35 and 50 vlo) 
W / N i CrAl Y 
(35 and 50 vlo) 
WI2IDA 
(35 and 50 v l o )  
50 v/o  W/NiCrAlY 
Self resistance 1 min to heat 
4 min to cool 
RT-1093' C (2000' F) 
100 
100 
100 
1000 
35 v/o warpage and shrinkage 
50 vlo no damage 
35 vlo warpage 
50 v/o no damage 
35 vlo warpage and shrinkage 
50 v/o no damage 
Internal microcracking 
No damage 
Surface roughening but no 
crack i na 
427'-1093' C ( 80O0-2O0O0 F )  
~~~ 
30 v/o W-l%Th02/FeCrAlY Passage of electric 
current 
1 min to heat 
4 min t o  cool 
RT-1204' C f 2200" F) 
1000 
3 0 0 r  2x103 
200- 
150- 
1 0 0 -  
50 
250 L 
(u 
E - iz 
f 
c3 z 
W 
E 
!Z 
W 
-1 * 
I5 - 
- z
c 
5 
- 
0- 
Figure 1. 
0 
I 
z 
$ 
I 
I 
B 
R N z c 0 1093OC F) 1204’ C 12200’ F) 
TUNGSTEN BASE TANTALUM MOLYBDENUM NIOBIUM NICKEL 
BASE BASE BASE BASE 
’ Ultimate tensile strength for refractory metal wires and superalloys. C42, 431 
39 
16x103 
6 x 1 6  r 
b z 
w e 
c 
i 
3 
0 
+ 
e 
U 
0 
e 
3 d  
& + 
v) 
W 
v) z 
w c + 
1 5  t 0 ! 
0 1093’ C (2oOo0 F) 
1204’ C (22000 F) 
V 
4 A 
I 
m 
e 
v) 
2 
a 
TUNGSTEN 
BASE 
TANTALUM MOLYBDENUM NIOBIUM NICKEL 
BASE BASE BASE BASE 
Figure 2. - Ratio of ultimate tensi le s t rength to  density fo r  refractory metal wi res and superalloys. [42, 431 
2 5 o r  1 6 x l d  
N 
E 
z - .- VI Y
200 E 
m- 
0” 12 
I 
8 
% 8  
z 150 
L z 
z -
3 a 
3 v) a 3 
0 a 
= 100 2 
W 
v) w 
2 5 0 ,  - 4  
v) 
w 
v) 
v) v) 
v) 
W 
+ F & 8 t  v) 
V 
4 A 
I 
m 
2 
v) a 
v, > s 
a --I 
& 
W a 
3 
v) 
n 
TUNGSTEN BASE TANTALUM MOLYBDENUM NIOBIUM NICKEL 
BASE BASE BASE BASE 
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Figure 5. - Recrystallization of tungsten 
f ibers in a copper plus 10 percent nickel 
matrix. C47] 
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(a) Overall view. 
\ 
\ 
L V A C U U M  CHAMBER MATRIX s POOL 7, 
(b) Schematic of a r c  spray process. 
Figure 6. -Schematic view of a rc  spray monotape fabrication unit. 
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50 
0 100 pm W in Ni, Liq. inf. 
v 300pm W in Ni. sinter-forged 
0 500pm W in Ni, Liq. inf. 
. 4  
103 104 Id 106 
NUMBER OF CYCLES TO FAILURE 
Figure 21. - Ratio of fatigue s t rength (aF) to  ult imate 
tensi le strength (UTS) for  Ni/W cont inuously  re in -  
forced composites. [403 
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Figure 24. - Photomicrographs of the r -  
mally cycled tungsten w i r e  reinforced 
FeCrAlY composite. (Photos courtesy 
of I rv ing Machlin). [81 
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nickel alloy composite. L443 
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Figure 33. - Schematic of airfoil p ly  configuration in JT9D blade. 
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Figure 36. - Hollw composite blade. 
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Figure 37. - Tungsten fiberlsuperalloy composite blade. 
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